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ABSTRACT
Antarctica and the sub-Antarctic are remote regions where the impacts from climate
change and anthropogenic activities are increasingly apparent. Previous studies show that the
Antarctic is warming and has been affected by anthropogenic contaminants. Marine predators
such as penguins and seals are commonly used in these regions as sentinels of ecosystem health
as predator tissues can be used as non-invasive proxies of diet, population trends, and
contaminant exposure. This thesis includes two separate studies which investigate the influence
of climate change and human activity on Antarctic and sub-Antarctic ecosystems. First, Adelie
penguin (Pygoscelis adeliae) eggshell samples were collected from four distinct regions of the
Antarctic peninsula and analyzed for 12 heavy metals. Results were compared by geographic
location, human activity, and trophic level differences to delineate drivers of variation. The main
significant factors were geographic location and foraging; the influence of human presence was
not an apparent driver, except for Zn. The toxic heavy metals As and Al were present in all
samples suggesting ecosystem wide contamination, but Cd and Pb were widely undetectable.
These results provide a baseline for future study of heavy metal exposure in Antarctic penguins
using eggshell. Second, sediment cores were collected from two distinct sites on South Georgia
Island, a sub-Antarctic island home to two key marine predators, the King Penguin (Aptenodytes
patagonicus) and Antarctic fur seal (Arctocephalus gazella). Populations dynamics of these
species have been affected by human exploitation and warming climate over the past two
centuries, but records are sporadic. The sediment cores were determined to represent a 150-170
year time series. Dated sections were analyzed for total carbon (TN%), total nitrogen (TN%),
δ13C, δ15N, and enumeration of biological remains (seal hairs and penguin feathers). These
proxies of penguin and seal abundance were correlated with known changes in King Penguin
populations since the early 1900s. These results provide details regarding the timing of penguin
vi

and seal recovery from exploitation concurrent with recent glacial retreat. This study validates
the use of sediment cores as proxies for historical penguin and seal abundance on sub-Antarctic
islands, allowing better management of these populations as the region continues to experience
environmental change.
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Chapter 1. Eggshells identify drivers of heavy metal exposure in Adélie
penguins around the Antarctic Peninsula

1.1.

INTRODUCTION
The Antarctic is a remote region where impacts from climate change and other

anthropogenic impacts continue to grow (Bargagli 2006). One way to quantify the pervasiveness
of human interference on remote ecosystems is through measuring contamination via
concentration of trace elements. Trace elements can enter Antarctic ecosystems and
bioaccumulate in animal species through natural atmospheric (Smichowski et. al. 2006) and
oceanic (Metcheva et. al. 2011) processes, agriculture and industrial processes (Burger and
Gochfeld 2000) and even human presence from direct or indirect mechanisms, such as tourist
activity (Barbosa et. al. 2013).
Penguins are species of interest in the Antarctic region due to their key role in the food
web as predators and prey, their interactions with both the ocean and terrestrial environment,
their status as bioindicator species, and concerns of their conservation status due to
environmental and anthropogenic stressors (Trathan et. al. 2015). The IUCN Red List (2020)
considers 13 out of 18 known penguin species worldwide to be near threatened, vulnerable or
endangered. Three Pygoscelis penguin spp. broadly inhabit the Antarctic region: The Adélie (P.
adeliae), gentoo (P. papua) and chinstrap (P. antarcticus) penguins. All three species are
commonly used as bioindicators to study environmental change and the effects of anthropogenic
stressors (CCALMR Ecosystem Monitoring Program 2013). Although the exact threshold for
concentration of heavy metals to cause toxicity in penguins is unknown, there is evidence that
heavy metal contamination can cause impairment to mobility and increased mortality in avian
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species (Newman 2015). Barbosa et. al. (2013) found erythrocytic nuclear abnormalities and
higher concentrations of toxic metals such as Pb in penguins at colonies frequently visited by
tourists as compared to those not visited by tourists. This suggests that anthropogenic factors
introduce a higher concentration of heavy metals into the penguins’ habitat which may induce
genotoxic effects (Barbosa et al. 2013). Given these findings, a greater understating of the
factors driving spatial variation and species-specific differences in heavy metal exposure in
Pygoscelis penguin spp. is warranted.
Heavy Metals and Penguins
Heavy metals (ex: Cu, Pb, Fe, As) are relatively high-density, synthetic or naturallyoccurring elements defined by their weight and chemical behavior (Hawkes 1997) and are often
toxic even at low concentrations (Helmenstine 2018). Due to the multiple sources of heavy
metals into the environment (He et. al. 2005) as well as their toxicity as contaminants, heavy
metals are considered a top present-day environmental concern (Anirudhan and Sreekumari
2011, Tchounwou et. al. 2012). Depending on their necessity in sustaining life, heavy metals
usually fall under one of two categories: essential trace elements, or non-essential toxic elements
(Liebscher & Smith 1967, Prashanth 2016). Essential trace elements such as Zn, Fe and Cu must
be present in the body at low concentrations to perform necessary life functions, such as enzyme
metabolism (Meli et. al. 2015, Prashanth 2016). However, high concentrations of essential trace
elements can indicate toxicity nonetheless (Kim et. al. 2000) and consequently cause reactions
such as necrosis (Henderson & Winterfielf 1975) and mortality (Levengood et. al. 2009). Nonessential trace elements are not necessary for life and serve no known function in the animal’s
body, and therefore may be toxic if present at all. This group includes metals such as Pb and Hg
(Nordberg & Nordberg 2016). Some heavy metals, such as Al, have a more ambiguous
2

classification as not enough about their biological function is presently known (Prashanth et. al.
2016). Heavy metals are often from natural origin but can also have anthropogenic sources. In
Antarctica, anthropogenic sources may be related to research and tourism which can lead to
introduction of contaminants via sewage disposal, waste incineration, combustion of fuel, oil
spills and other sources (Bargagli 2008). Heavy metal contamination in Antarctica also occurs
through atmospheric and oceanographic transport from other regions (Bargagli 2000, 2008).
Trace elements (including heavy metals) bioaccumulate with increasing trophic level
(Bryan 1979). Seabirds such as penguins are particularly useful indicators of heavy metal
contamination in the environment for several reasons: they are predators occupying various
niches and trophic levels, they forage both nearshore and far out at sea, and they are generally
long-lived species (Walsh 1990). Heavy metals are believed to enter penguin tissue through food
intake (Metcheva et. al. 2006). Penguins only inhabit the southern hemisphere, and Antarctic
penguin species in particular inhabit a uniquely remote region without the typical industrial
presence of the modern developed world. Heavy metals were first analyzed in the Antarctic
ecosystem and species in 1977 (Yoshida, 1977; Iwashima et al. 1977, Mishima et al. 1977), and
analyzed specifically in Antarctic penguins by 1979 (Yoshiyama 1979).
Several factors are likely to influence the variation in the tissue heavy metal
concentrations of Antarctic penguins. Barbosa et. al. (2013) found a higher concentration of Pb
and Ni in gentoo penguin bone from a site visited regularly by tourists as compared to a nearby
site rarely visited by humans, suggesting that human presence indirectly contributes to
environmental contamination. In addition, Antarctic research bases produce pollution through
fuel combustion and historically through waste disposal into the environment (Bargagli 2000).
Similarly, Jerez et. al. (2011, 2013a) found higher concentrations of several heavy metals in
3

Pygoscelis penguin spp. feathers at sites with increased human presence as compared to more
remote sites. This study also suggested that heavy metal concentrations may be additionally
influenced by large-scale transport from other contaminated regions and/or volcanism (Bargagli
2000). Celis et. al.’s (2012, 2015) studies of gentoo and Adélie penguin excreta supported Jerez
et. al.’s (2011, 2013a) findings of variation by geographic location, and related trends to human
activity from tourist transport and events (Cu, Zn, Hg and Pb), volcanic activity (Cd and As),
and/or transport via wind and ocean from other regions of the world (Cd). These studies also
provide support for the transfer of heavy metals from the marine environment into the terrestrial
environment via penguin excreta and ultimately ornithogenic soils (Celis et. Al, 2012, 2015).
Difference in foraging pattern among species (Szefer et. al. 1993, Metcheva et. al. 2006), interannual and seasonal variation in diet (Brasso et. al. 2014), latitude, or general region of the
Antarctic continent are other possible factor that may influence heavy metal concentrations in
penguin tissues.
Heavy Metals and Stable Isotope Analysis (SIA)

To investigate both local-scale and large-scale factors affecting heavy metal exposure in
penguins, both heavy metal and stable isotope analysis are often used in in combination (Szep et.
al. 2003). Trace elements are more susceptible to variability on a micro-geographic and intraspecific scales (Borlotti et. al. 1990). Stable isotopes of nitrogen (δ15N) and carbon (δ13C) vary
on larger geographical scales (Marra et. al. 1998) and can also be used to examine differences in
foraging patterns and trophic position between and within species (Polito et. al. 2011). For
example, the δ15N values of marine predator tissues positively correlate with trophic position
(Hobson et. al. 1994) and δ13C values in tissues can indicate foraging onshore vs. offshore
(France 1995), and/or correlate with marine latitudinal gradients (Rau et al. 1991; Quillfeldt et al.
4

2005). In addition, stable isotope analysis also can provide insight on the animal’s movement and
foraging patterns throughout the year, which is especially of use for migratory avian species
(Chamberlain et. al. 1996) such as Adélie penguins. For instance, Polito et. al. (2011) used stable
isotope analysis to determine that penguins in the Western Antarctic Peninsula region of
Antarctica are foraging in geographically distinct habitats from Adélie penguins in more northern
Antarctic regions (Eastern Antarctic peninsula, South Shetland Islands, and South Orkney
Islands) prior to the breeding season due to a 400km region of separation referred to as the
“Adélie Gap.”

Eggshells as a proxy of heavy metal contaminant exposure
While egg components are commonly used as proxies of trace element exposure in birds
(Klein et. al. 2012), information regarding heavy metal concentration in penguin eggshells is
scant. This is because eggshells have not previously been used to study a wide spread of trace
metal exposure in penguins (Espejo et. al. 2017). According to a recent global review (Espejo et.
al. 2017), penguin feather and excreta are the most commonly used tissues for such studies.
Stomach content and tissue from muscle, bone, kidney, liver, blood, embryo, spleen, heart and
testicles have also been examined. Penguin eggshell has been used for this purpose in only five
prior studies (Bargagli et. al. 1998, Santos et. al. 2006, Yin et. al. 2008, Metcheva et. al. 2011,
Brasso et. al. 2014), three of which solely focused on the element mercury (Hg). In addition,
only one prior study has investigated trace elements in penguin eggshells beyond Hg and Pb
(Metcheva et. al. 2011). Even so, this study was limited to a singular region.
Eggshell is a unique and ideal tissue to analyze for trace metals when investigating avian
species as bioindicators for environmental contamination. First, eggshells are known to be a
5

mode of excretion of environmental contaminants for reproductive females (Burger 1994) and
are specific in indicating recent exposure by reproductive female adults prior to subsequent
breeding. Furthermore, heavy metals seem to be sequestered more prominently in eggshell as
compared to egg content/embryo (Dauwe et. al., 1998). As well as indicating contaminants that
penguins may have ingested or contacted in their marine and terrestrial environments, eggshells
also stand the possibility to re-locate or re-introduce contaminants back into their breeding
colonies as Celis et. al. (2015) proposes is the case with Adélie penguin fecal excrement. From
an ecological perspective, eggshells provide information specifically about female contaminant
exposure prior to breeding season. From a conservation perspective, the collection of remnant
eggshell pieces post-hatching is non-invasive as it causes no mortality and little to no direct
human interaction to the penguin during the crucial breeding season (Dauwe et. al. 1998).
Because of this, eggshells represent a promising, yet underused, tissue with significant potential
as a proxy of heavy metal exposure in penguins.
The objectives of this study were (1) to quantify heavy metal concentrations in Adélie
penguin eggshells and (2) to identify the primary driver(s) of variation in eggshell heavy metal
and trace element concentration in Adélie penguins (Pygoscelis adeliae). Eggshell samples
collected from several regions around the Antarctic peninsula were analyzed for heavy metal
concentrations and stable isotope (δ13C and δ15N) values, and the relationship of eggshell heavy
metal concentration to geographic, anthropogenic and dietary factors was investigated. Based on
prior studies using other tissues, it was expected that foraging pattern and colony location
differences would be the primary drivers of heavy metal variation. This study will increase
knowledge of factors influencing heavy metal contamination in threatened Antarctic biota, and
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has the potential to substantiate eggshell as a non-invasive indicator of heavy metal
contamination in Antarctic penguin species.
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1.2.

METHODS

Sample site and collection
Eggshell remnants from Adélie penguins were collected opportunistically in the
2006/2007 austral summer from 13 breeding colonies in four regions of the Antarctic Peninsula:
Western Antarctic Peninsula (WAP), Eastern Antarctic Peninsula (EAP), South Orkney Islands
(SOI), and South Shetland Islands (SSI; Fig. 1.2). Eggshells were cleaned of organic debris in
the field and stored in individually labeled plastic bags until preparation.

Figure 1.1. Adélie penguin colony sites around the Antarctic peninsula where eggshell
samples were collected in the 2006-2007 austral season.
8

Sample preparation and trace metal analysis
12 heavy metals (Al, As, Cr, Cd, Cu, Fe, Mn, Ni, Pb, Se, V, Zn) were chosen for analysis
because they are comparable to previous literature (Espejo et. al. 2017). Prior to analysis,
eggshell fragments were soaked in deionized water and approximately 0.2g of membrane was
removed from the shell by scraping with a Dremel tool with sanding attachment.

Eggshells were sent to the Servicio de Ionómica del CEBAS-CSIC lab for trace metal
analysis. Samples were weighed to 0.05-0.20g and subjected to microwave acid digestion with
concentrated HNO3 and H2O2 (33%) in a 4:1 ratio in a 25ml digestion tube. 4ml of concentrated
nitric acid and 1ml of 33% hydrogen peroxide were added. Tubes were then placed on the rack
for microwave digestion and 300ml of ultrapure water, 30ml of H2O2 (33%) and 2ml of
concentrated H2SO4 were added to the Teflon reactor. Elemental concentrations were then
determined using inductively coupled plasma optical emission spectroscopy (ICP-OES) via a
Thermo Scientific iCAP 6500 DUO ICP-OES. Calibration acceptance was dependent upon three
items: (1) the calibration curb must be linear or curvilinear (r2 =0.99), (2) the standard deviation
of the slope of the regression line (1-Sb / b) must be greater than or equal to 0.95, and (3)
repeatability of the squaring patterns (QC): CV=10% in each analytical batch. Precision and
accuracy were determined by the repeated measurements (n=10) of 6 different reference
materials of differencing matrices (soil, organic fertilizer, orange juice, lettuce, milk powder, and
infant food) with known concentrations. Mean percent recovery averaged 97.8±3.9% across all
elements and reference materials. Metal concentration are reported in μg/g. Detection limit was
0.001 μg/g.
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Stable isotope analysis
Complete eggshell preparation and analysis of δ15N and δ13C values follows procedure
described in Polito et.al. (2011). In brief, eggshells were rinsed and cleaned with deionized water
and then ground to a powder. Membrane was removed from eggshells. Carbonate was removed
from the eggshells prior to analysis by acidification with 6N HCl titrations followed by drying
for 24 hours under a fume hood followed by 48 hours in the oven at 60°C. Eggshell was then
flash-combusted with a Costech ECS 4010 elemental analyzer, then analyzed with a Thermo
Delta V Plus continuous-flow stable isotope ratio mass spectrometer (CFIRMS). Values were
normalized on a 2-point scale using reference materials USGS-40 and USGS-41, and sample
precision was 0.1‰ for δ13C and 0.2‰ for δ15N.
Measures of Anthropogenic Impact
Data regarding research base activity was collected from MAPPPD (Mapping
Application for Penguin Populations and Projected Dynamics, Humphries et. al. 2007, ).
MAPPPD was used to visually determine whether or not research stations (according to the
Antarctic Digital Database Map (https://www.add.scar.org/ ) authored by SCAR (the Scientific
Committee on Antarctic Research) were within ~10km of sample sites. This was a yes/no factor.
10km was selected as the cut-off for research base activity because heavy metals deposited into
the snow from research bases has not been measured past that (Suttie & Wolff 1993). For the
effect of tourism presence, the public IAATO (International Association of Antarctic Tour
Operators, https://iaato.org/information-resources/data-statistics/) tourist statistics were consulted
to access the total numbers of tourists to each site during the sampling year. For analyses,
tourism presence is measured as a “yes/no” factor rather than raw number of tourist visitors.
10

Statistical analyses
Metals with 90% or more of results falling below 0.01 μg/g were excluded from
statistical analysis. Average and standard deviation of metals were calculated with raw corrected
concentration values, and all further analyses were performed on log-transformed values to
normalize the data. Variation in metals was investigated by three factors: location (region, site
and latitude; Table 1), human activity (local presence of tourists or active research base), and
foraging patterns (δ13C and δ15N). First, I used separate one-way ANOVAs followed by Tukey
post-hoc analyses to test for differences in metal concentration among individual breeding sites.
In addition, we conducted complementary one-way ANOVAs and Tukey post-hoc analyses with
eggshells grouped by region This approach allowed for the assessment of small-scale site and
region-specific results to compare with knowledge of area differences as well as to previous
literature of Antarctic penguin contaminant exposure in the same localities.
Next, a model selection approach was used with separate general linear model for each
metal to identify relationships between metal concentration and factors related to human
activities, colony location and penguin foraging ecology via the MuMIn package in R (Bartón
2020). Specifically, a global model was created that included tourism activity (visited or not
visited), research station presence (research station present within 10km or not), colony location
(latitude), foraging habitat (δ13C), and trophic position (δ15N) without interactions. We did not
include breeding site or region as factors in the global model due to these terms’ inherent
correlation with latitude. The global model and all subsets (n=65 per metal) were compared
using Akaike’s Information criterion (AIC) as an information theoretic approach (Burnham and
Anderson 2003). The model with the lowest AIC value was selected as the model with strongest
support, and the difference in Akaike’s information criterion (ΔAIC) was calculated for all other
11

models relative to this model. Models with ΔAIC <2 were considered competitive to the best
supported model. Significance for both ANOVA and general liner model was assessed at p≤0.05.
All analyses were performed using JMP and RStudio.
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1.3.

RESULTS

Nine heavy metals (Al, As, Cr, Cu, Fe, Mn, Se, V and Zn) were found in detectable
concentrations (>0.001μg/g) in more than 89% of the eggshell samples analyzed (Figure 1.2).
However, three heavy metals had undetectable concentrations (<0.001 μg/g): Cd (63 out of 65
undetectable), Ni (58 out of 65), and Pb (60 out of 65). These three metals were not further
analyzed, but do show similar patterns. The highest values observed for Cd (0.0838 μg/g) and Pb
(0.2429 μg/g) were at Berthelot Island, Western Antarctic Peninsula. Eggshells with detectable
concentration of Cd (0.005-0.084 μg/g, n=2) and Pb (0.005-0.243 μg/g, n=5) were exclusively
from the WAP and EAP. Cd and Pb were not detected in eggshells from SSI or SOI. Ni (0.0080.064 μg/g, n=7) was detectable in only seven eggshells from six different sites in the Western
Antarctic Peninsula, Eastern Antarctic Peninsula, and the South Orkney Islands. The highest
concentration of Ni was observed in Signey Base, Gourlay Peninsula of the South Orkney Island
region (0.064 μg/g). There was no Cd, Pb or Ni detected in eggshells from SSI. The nine heavy
metals differed significantly from each other (F6,375 = 1033, df=8, p<0.001). Compared to the
other heavy metal eggshell concentrations, the concentration of Al were highest and those of Cr
were lowest. The following pattern of eggshell heavy metal concentrations was observed:
Al>Cu and Mn> Zn>Fe> V >As and Se>Cr
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Figure 1.2. Concentrations (μg/g) of the nine heavy metals that were detectable in >89% of
samples (N=65).
Variation by Region and Site
Regional and site-specific variation was investigated in each metal via separate one-way
ANOVAs and Tukey’s post-hoc analysis. Overall, five out of nine heavy metals varied
significantly by region (Al, As, Cr, Fe, Mn; Table 1.2) and six varied significantly by site (Al,
As, Cu, Fe, Mn, Zn; Table 1.3). Two of the ten heavy metals analyzed (Se and V) did not
significantly vary by site or region.
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Table 1.1. Latitude, longitude, sample size (n), and mean ± standard deviation of carbon (δ13C)
and nitrogen (δ15N) stable isotope values of Adélie penguin (Pygoscelis adeliae) collected from
multiple active breeding sites in the Antarctic Peninsula region in in the 2006/2007 austral
summer.
Site

Latitude (°)

Longitude (°)

n

δ13C (‰)

δ15N (‰)

Western Antarctic Peninsula
Torgersen Island †*

-64.77

-64.08

5

-24.2±0.5

8.5±0.5

Dream Island

-64.73

-64.23

5

-24.1±0.4

9±0.3

Biscoe Point

-64.8

-63.79

5

-24.2±0.5

8.8±0.5

Yalour Islands †*

-65.23

-64.17

4

-23.9±0.2

9.4±0.3

Bertholot Island *

-65.33

-64.15

5

-23.9±0.4

8.7±0.3

Brown Bluff, Tabarin Peninsula †*

-63.35

-55.55

6

-24.3±0.7

8.8±0.6

Tay Head, Joinville Island *

-63.53

-56.92

5

-24.2±0.7

7.7±0.8

Paulet Island *

-63.58

-55.78

5

-24.7±0.5

8.2±0.4

Devil Island *

-63.8

-57.28

5

-24.8±0.5

8.4±0.9

Penguin Point, Seymour Island †*

-64.3

-56.68

5

-25±0.4

7.8±0.3

-62.17

-58.45

5

-24.4±0.5

7.9±0.3

Shingle Cove, Coronation Island †*

-60.65

-45.57

5

-24.7±0.3

8.1±0.7

Gourlay Peninsula, Signey Island †

-60.72

-45.57

5

-24.8±0.8

8.6±0.6

Eastern Antarctic Peninsula

South Shetland Islands
Admiralty Bay, King George Island †
South Orkney Islands

* Presence of tourist activity
† Active research base within 10km of the colony

15

Table 1.2. Mean ± standard deviation of heavy metal concentrations (μg/g) in Adélie penguin eggshell collected from four regions of the
Antarctic Peninsula in the 2006/2007 austral summer (n=65). Metals that do not share the same superscript letter (A,B,C) are
significantly different.
Region
Western Antarctic
Peninsula
Eastern Antarctic
Peninsula
South Shetland Islands

Al
45.26±9.2 AB

31.34±7.6 C

South Orkney Islands

44.99±8.9 A

As
0.46±1 A

Cr
0.07±0.1 A

Cu
2.65± 0.3

Fe
Mn
1.26±2.2AB 2.07±0.3B

Se
0.28±0.1A

V
0.87±0.1 A

Zn
2.14±1.4 A

A

41.99±9.2

BC

A

2.63±0.3 A

1.93±1.7A

2.46±0.9AB 0.25±0.1A

0.86±0.1 A

2.13±1.4 A

0.25±1 C

0.03±0.0 B

2.55±0.2 A

0.58±0.1B

2.24±0.3AB 0.30±0.1A

0.89±0.2 A

1.57±0.7 A

0.43±1 AB

0.08±0.1 A

2.65±0.3 A

1.54±0.8AB 2.77±0.8A

0.84±0.1 A

1.74±1.0 A

0.43±1

BC

0.08±0.1

0.28±0.1A

Figure 1.3. Concentrations of the five heavy metals (Al, As, Cr, Fe, Mn) that significantly varied by region. WAP=Western Antarctic
Peninsula, EAP=Eastern Antarctic Peninsula, SSI=South Shetland Islands, SOI=South Orkney Islands.
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Table 1.3. Mean ± standard deviation of heavy metal concentrations (μg/g) in Adélie penguin (Pygoscelis adeliae) eggshell collected
from multiple sites in the Antarctic Peninsula region in the 2006/2007 austral summer. Metals that do not share the same letter(A,B,C)
are significantly different.
Site
Al
As
Cr
Cu
Fe
Mn
Se
V
Zn
Western Antarctic Peninsula
Torgersen Island†*

41.1 ± 8.1 ABC

Dream Island

0.37±0.0 ABC

0.07±0.0 AB 2.61±0.2 A 0.79±0.2B

2.28±0.3AB 0.33±0.1A 0.87±0.2 A

1.78±0.8 AB

40.0 ± 11.1 ABC 0.37 ±0.1 ABCD

0.06±0.0 AB 2.60±0.4 A 0.74±0.2B

1.91±0.3B

2.87±2.0 A

Biscoe Point

49.4 ± 6.0 AB

0.54 ±0.0 A

0.08±0.0 AB 2.50±0.3 A 0.74±0.1B

2.25±0.2AB 0.25±0.1A 0.92±0.1 A

Yalour Islands†*

49.9 ± 7.8 ABC

0.53 ±0.1 A

0.04±0.0 AB 2.96±0.3 A 0.91±0.3AB 1.86±0.2B

0.26±0.1A 0.77±0.1 A

1.57±0.6 AB

Bertholot Island*

43.3 ± 6.8 ABC

0.44 ±0.1 ABC

0.12±0.2 AB 2.96±0.4 A 3.07±4.8AB 2.00±0.3B

0.31±0.1A 0.80±0.1 A

1.47±0.3 AB

0.27±0.1A 0.76±0.1 A

1.57±0.9 AB

Eastern Antarctic Peninsula
Brown Bluff†*

44.7 ± 12.8 ABC

0.48 ±0.2 AB

0.08±0.0 AB 2.51±0.3 A 2.70±2.5AB 2.07±0.3B

0.25±0.1A 0.88±0.1 A

1.52±0.8 AB

Tay Head*

37.6 ± 7.7 ABC

0.40 ±0.1 ABC

0.10±0.0 AB 2.53±0.1 A 0.81±0.4B

0.20±0.0A 0.87±0.1 A

1.45±0.3 AB

Paulet Island *

32.5± 10.2 BC

0.22 ±0.1 D

0.08±0.0 AB 2.76±0.2 A 1.17±0.9AB 2.42±0.2AB 0.27±0.1A 1.01±0.1 A

3.14±1.8 A

Devil Island*

34.6 ± 5.3 ABC

0.26 ±0.1 BCD

0.05±0.0 AB 2.51±0.2 A 1.44±0.6AB 2.90±1.4AB 0.32±0.1A 0.90±0.1 A

3.32±2.4 AB

(Table cont’d)
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1.97±0.2B

Site

Table 1.3: Continued
Al

As

Cr

Cu

Fe

Mn

Se

V

Zn

South Shetland Islands
Admiralty Bay†

31.3 ± 8.5 C

0.25±0.1 CD

0.03±0.0 B

2.55±0.3 A 0.58±0.1B

2.24±0.3AB 0.30±0.1A 0.89±0.2 A

1.57±0.8 AB

South Orkney Islands
Shingle Cove†*

48.3 ± 2.4 ABC

0.37 ±0.0 ABC

0.06±0.0 AB 2.68±0.2 A 1.73±0.3AB 3.30±0.8A

0.29±0.1A 0.86±0.2 A

2.56±1.7 A

Gourlay Peninsula†

52.2 ± 9.6 A

0.46 ±0.1 AB

0.10±0.1 AB 2.85±0.2 A 1.72±1.2AB 2.24±0.4AB 0.27±0.1A 0.89±0.2 A

0.78±0.3 B
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Concentrations of Al in eggshells significantly differed among regions (F6,375 = 7.815,
df=3, p =0.002). Al was significantly lower in eggshells from SSI and EAP relative to SOI, and
significantly lower in eggshells from SSI relative to WAP (Table 1.2). Concentrations of Al in
eggshells also significantly differed among sites (F6,375 = 3.174, df=12, p =0.002). The highest
mean Al value was observed in Yalour Islands of the WAP(49.9 ± 7.8, Table 1.3), above the
Adélie Gap.
Eggshell As values significantly differed among regions (F6,375 = 5.711, df=3, p =0.002).
As is significantly higher in eggshells from WAP than SSI or EAP, and also higher in SSI than
SOI (Table 1.2). As also varies significantly by site (F6,375 = 5.536, df=12, p =5.57e-06). The
sites Biscoe Point and Yalour Islands below the WAP had significantly higher As eggshell
values than Devil Point above the WAP (Table 1.3). Again, the highest mean eggshell As
concentration was measured in WAP above the Adélie gap (Biscoe Point, 0.54 ±0.0).
Eggshell concentrations of Cr vary significantly by region (F6,375 = 4.406, df=3, p
=0.007). The Cr values are lower in SSI than any other region (Table 1.2). It does not
significantly vary by site. Opposite of Cr, Cu does not vary by region, but it does vary
significantly by site (F6,375 = 2.276, df=12, p =0.023; Table 1.3). Post-hoc analyses did not show
significant specific site variation.
Fe varies significantly by region (F6,375 = 4.424, df=3, p =0.007). Specifically, eggshell
Fe values are higher in EAP than SSI (Table 1.2). Fe also varies by site (F6,375 = 3.393, df=12, p
=0.001; Table 1.3). It is higher in Penguin Point than it is in other sites from EAP, WAP or SSI.
There is no significant relationship in Fe values between EAP or SSI, and no clear pattern related
to the Adélie Gap.
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Mn also varies significantly by region (F6,375 = 3.303, df=3, p =0.0261; Table 1.2) and
by site (F6,375 = 3.061, df=12, p =0.003; Table 1.3). Concentrations of Mn are higher in
eggshells from SOI than WAP (p=0.021). Mn is higher in the site Shingle Cove, Coronation
Island from SOI than five other WAP and EAP sites. No clear relationship was observed in Mn
concentration from SSI.
Zn concentration in eggshell samples varied significantly by site (F6,375 = 2.583, df=12,
p =0.010). Specifically, it was significantly lower in eggshell samples from Gourlay Peninsula,
SOI than in the sole other SOI site (diff=0.513, p =0.027; Table 1.3) and several other WAP and
EAP sites. This heavy metal did not vary by region. Such as with Mn and Fe, no significant
relationships involving the SSI were observed for Zn eggshell values.
Model selection: Variation by Latitude, Human Presence, and Foraging Activity
For this study, top models are defined as ΔAIC <2. The best supported (i.e. most
parsimonious) model is defined as ΔAIC=0. Overall, the most frequent significant predictor of
eggshell heavy metal concentration was δ15N value (three of nine heavy metals). Both tourist
presence and δ13C value were significant factors for two heavy metals, and latitude and research
base activity were significant factors for one heavy metal each.
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Table 1. 4: Top model results (ΔAIC <2) from model selection. Bold terms are significant
(p<0.05).
Metal
Aluminum (Al)

Model Structure
Base+δ15N
δ15N
Base
δ15N+Latitude
Arsenic (As)
δ15N
Base+ δ15N
Base+δ15N+Latitude
δ15N+Latitude
Chromium (Cr)
None
Tourism
δ13C
δ13C +Tourism
Latitude
Base
δ15N
δ13C +Latitude
Copper (Cu)
None
δ13C
δ15N
Iron (Fe)
δ13C+δ15N+Tourism
δ13C+δ15N+Tourism+Base
Manganese (Mn) δ13C+Latitude+Tourism
δ13C+Latitude
Latitude+Tourism
δ13C
(Table cont’d)
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AICc
-99.7643
-98.883
-97.9423
-97.7852
-42.4284
-41.7554
-41.0737
-40.4729
32.58287
33.15303
33.50867
34.1657
34.30212
34.32737
34.39571
34.45446
-208.869
-207.805
-207.748
16.46211
17.42965
-109.575
-108.496
-108.295
-107.798

ΔAICc
0
0.881302
1.821974
1.979017
0
0.672943
1.354731
1.955448
0
0.57016
0.925801
1.58283
1.719253
1.744505
1.812844
1.871588
0
1.063564
1.120982
0
0.967539
0
1.078489
1.279993
1.776983

AICc Weight (ωi)
0.413649824
0.266232223
0.166339791
0.153778161
0.384851329
0.274894072
0.195486538
0.144768061
0.223604462
0.168140259
0.140748972
0.101338221
0.094656267
0.09346868
0.09032885
0.087714288
0.463287812
0.272207948
0.26450424
0.618638
0.381362
0.396549
0.231263
0.209098
0.163091

Table 1.4. Continued
Metal
Model Structure
Selenium (Se)
δ13C
None
δ15N
δ13C+Latitude
δ13C+δ15N
Vanadium (V)
None
Latitude
Base
δ13C
Base+Latitude
δ15N
Zinc (Zn)
Base+Tourism
Base+δ13C+Tourism

AICc
-91.9879
-91.7291
-91.32
-90.2497
-90.1599
-149.118
-147.884
-147.465
-147.408
-147.365
-147.228
3.03386
3.52157

ΔAICc
0
0.258734
0.667838
1.738183
1.827991
0
1.234015
1.652697
1.710103
1.753102
1.889714
0
0.48771

AICc Weight (ωi)
0.292825
0.257291
0.209695
0.122791
0.117399
0.311777712
0.168221723
0.136447805
0.132586969
0.129766855
0.121198935
0.560663466
0.439336534

δ15N value was the sole significant predictor of variation in the concentration of Al and
As. Of the 4 top models for Al (Table 1.4 ), δ15N value was sole significant factor in two models.
Al was higher in eggshells with higher δ15N values (t=2.008-2.146, p<0.05). Of the four top
models identified for As (Table 1.4), only two models had δ15N as a significant predictor of
eggshell As concentration (t=3.841-3.996, p<0.03). Again, higher δ15N values corresponded to
higher eggshell As concentrations. Analysis revealed eight top models for Cr (Table 1.4) and
three for Cu (Table 1.4). For each, the best supported model was the null model with no terms.
There were two top models for Fe (Table 1.4), each with three significant predictors: δ13C
(t= -4.181 to -3.993), δ15N (t= 2.084-2.137), and tourism (t=2.901-2.96; p<0.04 for all). In each
case, higher δ15N and lower δ13C values correlated with higher eggshell Fe concentration.
Additionally, tourist presence also indicated higher Fe values. There were four top models for
Mn (Table 1.3.4). Two models showed δ13C values only to be significant (t= -2.708--2.017,
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p<0.05). The remaining two showed latitude only (t=2.110-2.886, p<0.04). Higher latitude and
lower δ13C values both corresponded with higher concentrations of Mn.
Se had five top models which included δ13C value, δ15N value and latitude as predictors.
However, no variables were significant for any Se top models (Table 1.4). Analysis of V also
showed no significant factors. As with Cr and Cu, the best supported model for V was the null
model with no terms (Table 1.4). Zn analysis displayed two top models (Table 1.4). The
significant predictors for Zn models are the two anthropogenic factors, research base proximity
(t= -2.257--2.426, p<0.03) and tourist presence (t=2.073- 2.074, p=0.042). In both models, the
presence of a research base correlates to lower eggshell Zn concentration, while tourist presence
correlates with higher Zn concentration.
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1.4.

DISCUSSION

The main factors affecting heavy metal concentrations in Adélie penguins from the Antarctic
peninsula in this study were location and feeding ecology. Specifically, breeding colony site and
region are more influential than latitude, and this may be due to a combined effect of differences
in local feeding areas allowing for variances in foraging patterns between penguins at different
sites. Anthropogenic impacts of tourism were limited to Zn and Fe, while those of research base
activity were negligible. Al is the most heavily concentrated metal in Adélie penguin eggshells.
Toxic Trace Elements
Aluminum
These findings suggest that Al variation is primarily influenced by two factors: location
of breeding colony (specifically highest in WAP, 45.26± 9.2, Table 1.2), and trophic position
(i.e. δ15N values). The Al eggshell values of Adélies from SSI in this study (31.34 ±7.6 μg/g,
Table 1.2) more similarly match those of feathers from chinstrap (26 ± 11 μg/g) than gentoo
penguins (46 ± 22 μg/g) in the same region (Metcheva et. al. 2006). This result supports the
theory that penguin tissue Al concentrations are influenced by feeding habits, because gentoos
exhibit a more generalist diet (Polito et. al. 2015) whereas chinstrap and Adélie penguins are
more specialized and krill-reliant (Lishman 1985, Lynnes et. al. 2002). Apparently, the
concentration of Al in Pygoscelis penguins increases with increased trophic position, specifically
for penguins feeding on higher trophic-level organisms (ex: fish) rather than predominantly krill.
Jerez et. al. (2011) also found significant differences in penguin feather Al concentration by site,
which may be linked to pre-breeding diet. Al has a high affinity to feathers compared with other
tissues (Lucia et. al. 2010, Jerez et al 2013b). However, Jerez et. al. (2011) found Adélie feather
Al values at the Yalour Island site of 8.62 ±6.4 μg/g, which is six times lower than my eggshell
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values from the same site (49.9 ± 7.8 μg/g). This supports the use of eggshell as a preferable Al
elimination pathway in in penguin species. Al in Antarctic penguins does not seem to be
influenced by base or tourist activity, which aligns with previous findings of anthropogenic
influence on Al values in SSI (Barbosa et. al. 2013).
Arsenic
Like Al, my study suggests that As is also influenced by trophic position and geography,
with the highest regional concentrations again in WAP (0.46 ± 0.1 μg/g, Table 1.2) and with
increased δ15N values correlating with higher As concentrations. As is thought to be introduced
to the Antarctic environment via volcanic activity (Bargagli et. al. 2008, Burger & Gochfled
2004, Jerez et. al. 2011, Celis et. al. 2015) and therefore more prevalent in penguin excrement in
SSI and the northern Antarctic peninsula due to volcanic activity in those areas (Smichowski et.
al. 2006, Jerez et. al. 2011, Celis et. al. 2015). However, I observed the lowest regional mean
eggshell As concentrations at SSI (0.25 ±0.1 μg/g, Table 1.2) despite the locality of the
Deception Island volcano. Although there is probably seismic activity further down the WAP
and closer to my study sites, it seems more likely that diet is causing the variation between
localities due to accumulation in the marine food web beginning with krill absorbing As from the
water (Metcheva et. al. 2011, Celis et. al. 2015). Human activity, specifically vehicle usage and
wharf activities, has been related to As and Pb concentrations in the EAP topsoil (Xu et. al.
2020), but my study did not find a correlation of As concentrations to tourism or research
activity.
As is considered one of the most toxic naturally-occurring metals (Ratnaike 2003).
Although As is considered a toxic trace element, this study suggests relatively low
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concentrations of As (0.09-0.78 μg/g), which falls under the threshold of typical As
concentrations for living organisms (<1.0 μg/g; Eisler 1988a). Furthermore, most arsenic found
in marine animals is in the form of nontoxic arsenobetaine and therefore poses little risk to
seabirds (Neff 1997, Braune & Noble 2009). These eggshell As findings support the theory that
As does not currently pose a risk of toxicity to penguin embryos and chicks (Metcheva et. al.
2011). This may be due to low contamination overall, or because As is mainly retained in soft
tissues in the body (ATDSR 2007) and therefore less likely to be seen in excretions such as
eggshell. A study of As in both embryos and eggshell-membrane mixtures (Metcheva et. al.
2011) of gentoo penguins observed all samples below their detection limit (0.3μg/g), while my
analysis of solely eggshell without membrane displayed 77% of eggshell samples from all sites
to be greater than 0.3μg/g. This suggests that As is eliminated through calcium-carbonate
eggshell more so than fibrous eggshell membrane.
Cadmium
Cd, another toxic trace element, was undetectable in all but two eggshell samples from
two respective sites: Berthelot Island of WAP, and Penguin Point of EAP. This is an unexpected
result, as Cd is well-documented in Antarctic species due to the natural presence of high Cd
concentrations in krill and squid (Bull et. al. 1997, Cheng et. al. 1984, Muirhead and Furness
1988, Elliot et. al. 1992, Szefer et. al. 1993, Bustamante et. al. 1998, Nygard et. al. 2001,
Metcheva et. al. 2006), both of which are Adélie penguin prey items. The occurrence of Cd in
penguins is thought to be heavily influenced by diet (Espejo et. al. 2017). Furthermore, Cd is
upwelled in the Southern Ocean and therefore prevalent in polar food chains due to that
upwelling as well as volcanic input (Sanchez-Hernandez 2000, Bustamante et. al. 2003).
Additionally, Cd can be transported via the atmosphere (Burger 2008) and could potentially be
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transported via atmosphere or ocean to the Antarctic peninsula from industrial activities in
neighboring populated areas such as South America (Celis et. al. 2015). Both sites where I
detected Cd contain tourist activity; however, a relation to dietary intake is more likely based on
Cd analyses in avian species (Baykov et al 1995, Dmowski 1999). My results suggest that
eggshell is not a preferred elimination pathway for Cd, as it was also largely undetectable in
eggshell-membrane mixture (Metcheva et. al. 2011), but has been widely detectable in Antarctic
penguin bone (Barbosa et. al. 2013), internal organs (Smichowski et. al. 2006), feather
(Metcheva 2006, 2011, Jerez et. al. 2011, 2013) and excrement (Metcheva et. al. 2011, Celis et.
al 2015).
Lead
Pb is a toxic trace element with only adverse effects on wildlife (Eisler 1988b), and is
perhaps the most widely-used and suitable heavy metal to indicate anthropogenic contamination
(Metcheva et. al. 2006, Barbosa et. al. 2013). Pb was undetectable in all but five samples
exclusively from the WAP and EAP regions. Like Cd, I observed the highest Pb concentrations
in Berthelot Island in the WAP (0.243 μg/g). This particular site did host 608 tourists in the
2006-2007 season, but that is relatively low compared to other sites such as Paulet Island in the
EAP which hosted 8,273 tourists the same year (IAATO). One of the five Paulet Island eggshell
samples did have very low, but detectable Pb concentrations (0.0005 μg/g). Two of the five
Penguin Point (in the EAP) samples showed detectable Pb values as well; this site also had a
relatively low tourist count of 200 (IAATO), and additionally has an active research base within
10km of the penguin colony. Therefore, it is possible that human activity influenced penguin Pb
concentrations, but it is difficult to determine as this study only sampled from two sites (Dream
Island and Biscoe Point, WAP) that have neither base nor tourist presence. Excess concentrations
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of Pb have been observed in snow from King George Island of SSI and are likely the result of
anthropogenic pollution via local emissions (Hong et. al. 2002), but my five samples from a King
George Island site did not show any detectable Pb.
All Pb concentrations detected in these eggshell samples were lower than the mean level
detected in gentoo penguin eggshell the same season (0.68±3 μg/g, Metcheva et. al. 2011) and
from an earlier 2002 season (0.75 μg/g, Yin et. al. 2008). Fortunately, these findings all suggest
that Pb concentrations in penguins are well below the minimum concentrations necessary to see
signs of poisoning in avian species (2.8 mg/Kg body weight; Eisler 1998b). However, “normal”
threshold levels of Pb in birds varies by tissue and is not completely understood (Franson & Pain
2011), especially for eggshell. Regardless, indirect Pb poisoning is unlikely in the robust avian
species, who are more susceptible to Pb poisoning resulting from direct ingestion or shot (Eisler
1988b).
Pb naturally seeks calcium formations, which means that it is seen in bone samples
(O’Flaherty 1991, Teodorova et. al. 2003). Because penguin eggshells are calcium-based, one
would expect that Pb concentrations in eggshell may be elevated compared to the concentrations
of Pb in other non-calcium penguin tissues or the surrounding environment (Metcheva et. al.
2011). Additionally, female birds, especially laying birds, sequester more Pb in their bones than
non-laying females or males (Finley & Dieter 1978, Kendall & Scanlon 1981), possibly because
of the increase of skeletal Ca being used to form eggshells (Taylor 1970). There is also a dietary
link between Ca intake and Pb retention: calcium-deficient animals sequester more Pb in their
bodies rather than excreting it and therefore face Pb toxicity at lower concentrations (Six &
Goyer 1970, Mahaffey et. al. 1973, Barton et. al. 1978, Van Barneveld & Van den Hamer 1985,
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Scheuhammer 1987), so the increased intake of calcium prior to egg-laying may aid excretion of
ingested Pb into eggshells.
It is known that avian species can rid their bodies of excess dietary Pb through eggshell
(Baykov et. al. 1995). Pb has been observed at almost twice as high concentrations in eggshells
when compared to eggshell-membrane complexes (Metcheva et. al. 2011), suggesting that the
calcium-based eggshells serve as an elimination pathway for toxic non-essential heavy metals in
penguins. However, penguin Pb concentrations have been observed at higher concentrations in
penguin feathers than in fecal and eggshell excretions (Metcheva et. al. 2011), which is likely
due to the high affinity of Pb to keratin (Venugopal & Lucky 1977; O’Flaherty 1991; Hahn et al.
1993, Metcheva et. al. 2011). Because Pb elimination is documented in avian eggshells, my
results likely signify a lack of noticeable Pb exposure in the Antarctic peninsula as of 2007.

Essential Trace Elements
Chromium
Cr is considered to be directly related to anthropogenic activity (Jerez et. al. 2011);
specifically, its elevated presence is a result of oil contamination (Alam and Sadiq 1993, Caccia
et. al. 2003). In my study, Cr was found only in very low quantities in eggshells (0.003-0.416
μg/g). The only significant factor of variation is region, specifically that Cr concentrations are
lower in SSI than in all other study regions. These results differ from those of Hashmi et. al.
(2013) who found that elevated Cr concentrations in egret eggshells were the result of
anthropogenic activity; however, this may be because their study site in Pakistan has far more
anthropogenic activity than the Antarctic Peninsula, and they observed nearly twice as much
mean Cr in eggshell samples overall (0.7 μg/g). Average eggshell Cr values in the present study
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are similar to those of Antarctic penguin bones in both tourist-visited and not-visited colonies
(Barbosa et. al. 2013, average 0.29±0.18 μg/g and 0.08±0.02 μg/g respectively), and there was
not a significant difference in Cr concentrations between those two colonies. Like most
elements, understanding of Cr in the environment is multi-faceted due to the inter-related nature
of contributing environmental factors (John and Leventhal 1995, Signa et. al. 2013).
Copper
This study’s findings of Cu are ambiguous; it appears to be influenced by colony site
location but not region, and post-hoc analysis showed no further specifics on site differences.
This makes it difficult to determine the driving factors of Cu eggshell concentrations based on
the methods used. However, my findings support the Celis et. al. (2015) study of Adélie
excrement that found significant differences in Cu by site. Additionally, there is thought to be
higher concentrations of Cu in western Antarctica due to a “copper mineralized belt” which
exists by the Great Wall Research Station on SSI (Yin et. al. 2008).
A study of heavy metals in wetland birds in the northern hemisphere following an oil
spill showed that Cu concentrations in liver and egg samples were not related to anthropogenic
contamination measured by distance from oil spill, but to species and trophic level differences
(Hernandez et. al. 1999). My results agree with the findings of that study and of Barbosa et. al.
(2013) in that Cu concentrations in penguins do not appear to be influenced by indirect
anthropogenic impacts. My study finds Cu concentrations similar to those of eggshells in birds
from other, less-remote areas (Duawe et. al. 2000, Yin et. al. 2008, Kim and Oh 2014, Espejo et.
al. 2017). Fortunately, avian species are particularly resistant to Cu toxicity when compared to
lower trophic level species (Eisler 1998, Espejo et. al. 2017).
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Iron
The results suggest that multiple factors influence penguin exposure to Fe, including
region and site differences, trophic position, foraging habitat, and the presence of tourists (Table
4). Barbosa et. al. (2013) did not find a significant difference in gentoo penguin Fe
concentrations in a remote penguin colony when compared to a penguin colony frequently
visited by tourists, but the present study found a significant positive correlation between Fe
concentrations and tourist presence.
Usually, vertebrate Fe concentrations are greater than Zn concentrations, but the opposite
has been observed in penguins (Metcheva 2006, Jerez et. al. 2011); in fact, Zn has been observed
at more than three times higher concentrations than Fe in Adélie penguin feathers (Honda et. al.
1986). As with these feather studies, my results show average Zn concentrations exceeding
average Fe concentrations in the majority of study sites except for four: Berthelot Islands
(WAP), Brown Bluff, Tabarin Peninsula (EAP), Penguin Point, Seymour Island (EAP), and
Gourlay Peninsula, Signey Island (SOI). Each of these four sites does have tourist activity,
research base activity, or both, but Fe in penguins does not appear to correlate to indirect
anthropogenic cause (Barbosa et. al. 2013). It is possible that it is introduced into the Southern
Ocean food chain through local volcanic activity (Jerez et. al. 2011); however, this is based on
high Fe concentrations in Deception Island (SOI) (Rey et. al. 1995, Almendros et. al. 1997),
which does fully not explain why eggshells have significantly higher Fe in the EAP as compared
to the SSI.
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Manganese
Mn concentrations of Adélie penguins are significantly influenced by all three geographic
measures: site, region, and latitude. Mn is the only metal in this study that had a significant
impact from latitude according to model selection; unexpectedly, the relationship is positive,
such that Mn concentrations increase with increasing latitude and therefore increasing distance
from concentrated human activity. Eggshells from SOI had significantly higher Mn values than
WAP. Additionally, Mn has a negative relationship with δ13C value which could indicate an
effect of foraging, but it is difficult to discern as there was no significance of δ15N value.
Each of the Adélie eggshell samples in this study measured higher Mn concentrations
than the average in gentoo eggshell-membrane complexes from the same season (0.82 ± 0.08
μg/g, Metcheva et. al. 2011). This could be a result of geographical differences, although it is
unlikely as all samples from both studies were taken from the same Antarctic peninsula general
area. This discrepancy may have been caused by Adélie penguins feeding on a very different diet
from the gentoo penguins in the 2006-2007 season, which has been the cause of Mn variation
between chinstrap and gentoo penguin feathers (Metcheva et. al. 2006). It is also possible that
either penguins are eliminating excess Mn more preferentially through eggshell than through egg
membrane and contents, or that Mn is metabolically regulated differently between the two
species. Either way, Mn concentrations in penguins seem to be increasing in penguin tissue
overall (Jerez et. al. 2013b), which is likely a result of increased environmental Mn globally due
to its addition in combustibles (Burger & Gochfeld 2000, Mispagel et. al. 2003). However, Mn
concentrations in Antarctic penguins still seem to be well below the level for neurotoxic effects
in animals (Saric and Lucchini 2007).
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Nickel
Ni is abundant in the global environment (Eisler 1998), but it was undetectable in all but
seven eggshell samples. It was detected in seven samples from six sites throughout WAP, EAP
and SOI, and was highest in an eggshell from Gourlay Peninsula, Signey Island of SOI (0.0638
μg/g). None of the detectable samples were from the SSI region. Most of these sites where Ni
was detected had tourist presence during the sampling year (IAATO; Table 1.3) but two did not,
including Gourlay Peninsula; additionally, only half of the sites had a research base in proximity.
Along with Pb, Ni is one of two heavy metals that has been observed in significantly higher
concentrations in gentoo penguin bones from a heavily tourist-visited colony when compared to
a remote colony (Barbosa et. al. 2013). Based on my findings, I am not able to conclude whether
tourist visitation has an impact on Ni concentrations in penguins. The role that Ni plays in animal
bodily functions is not clear (Espejo et. al. 2017, Prashanth et. al. 2016).
Selenium
Although the top models for Se included δ13C, δ15N and latitude, ANOVA and post-hoc
analyses showed no significant drivers whatsoever for Se concentrations in Adélie penguin
eggshells. Eggs are known to be an elimination pathway for Se, although it has been found in
higher concentrations in bird egg content than in pure eggshell (Burger 1994). Additionally, Se is
another element that has an affinity for keratin and therefore is found more pronouncedly in
feathers (Dmowski 1999). Se has not been reported from Antarctic penguin eggshell before
(Espejo et. al. 2017). Se and Zn are both positively correlated with Cd because of their
detoxifying effects on Cd (Norheim 1987, Jerez et. al. 2011, 2013b), but I cannot infer from that
correlation in this study because of the mostly undetectable Cd concentrations. Eggshell appears
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to be a Se elimination pathway for penguins regardless of Cd toxicity, but the factors driving its
variation among samples are unclear.
Vanadium
Similar to Se, Vanadium also has no significant drivers of variation according to
ANOVA or model selection post-hoc analyses. Furthermore, the top model for V was the null
model with no terms; the influences on V concentrations in penguin eggshells is therefore
undetermined. V has rarely been investigated in Antarctic penguins (Espejo et. al. 2017),
although it has been recorded in Humboldt penguin (Spheniscus humboldti) and African penguin
(Spheniscus demersus) feathers (Squadrone et. al. 2016). Metcheva et. al. (2011) only found
detectable concentrations of V in gentoo penguin excreta, but not in feather, embryo or eggshellmembrane complex; however, V was detectable in all eggshell samples of this study. This
suggests that V may be preferentially excreted through elimination pathways of eggshell and
excreta rather than other tissue. It is a necessary element for avian reproduction (Hopkins &
Mohr 1974).
Zinc
My findings suggest that Zn concentration in eggshell is related to colony site and tourist
activity. Specifically, tourist presence seems to increase Zn concentrations. Zn concentrations are
significantly different between the only two SOI sites, suggesting this heavy metal’s sensitivity
to even small-scale geographic differences. Model selection did also show a negative
relationship between the presence of research bases nearby and Zn concentrations, but this is
most likely due to other factors as there seems to be no reason why an active research base would
mitigate Zn concentrations.

34

Other than Hg, Zn is the only heavy metal to have been investigated in Adélie penguin
eggshell prior to this study (Espejo et. al. 2017). Santos et. al. (2006) found an average Zn level
of 8.3 μg/g in 15 Adélie penguin eggshell samples from King George Island, SSI in 2003. This is
over five times as high as what my study observed in the same region (1.57 ± 0.7 μg/g; Table
1.2). In seabirds, Zn does positively correlate with Cd concentrations (Honda et. al. 1990,
Maligna et. al. 2010), similar to the positive relationship mentioned between Se and Cd.
Although the Zn concentrations I observe are not toxic (Eisler 1993), there were Zn
concentrations found in the liver of chinstrap and gentoo penguins that exceeded the 200 μg/g
level considered as the baseline for physiological function (Honda et. al. 1990), which was
related to human activity (Tin et. al. 2009). The previous finding supports this study’s model
selection in the positive association between tourism presence and Zn concentration.
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Chapter 2. Sediment cores proxies reflect sub-Antarctic marine predator
population dynamics relative to past anthropogenic exploitation and recent
climate change.
2.1 INTRODUCTION
Although extreme regions such as Antarctica are focal points for research on climate
change, sub-Antarctic ecosystems are less studied although likely more significantly affected by
climate change and anthropogenic stressors due to their sensitive climate. Sub-Antarctic islands
are cool temperate rather than polar climates (Smith 2002), and the increasing warmth of the
islands increases their susceptibility to colonization by invasive species (Bergstrom & Chown
1999). Additionally, these islands suffer the lasting detrimental effects to flora and fauna from
decades of exploitation and building infrastructure by humans (Convey & Lebouvier 2009).
South Georgia Island is a remote, sub-Antarctic island in the south Atlantic Ocean with
no permanent human residents. The island is over 50% ice-covered (Smith 1960) with 161
glaciers as of 2017 (NASA 2008). It boasts an extreme climate with excessive cold, constant
Westerly winds, few daily hours of sunlight, and high annual precipitation levels (Smith 1960).
Located in Southern Hemisphere Westerly Wind Belt and affected by the movement of the Polar
Front Zone (Bentley et. al. 2007), the climate of South Georgia Island is susceptible to even
seemingly-minute changes (Strother et. al. 2014). The island hosts several species of pinnipeds,
seabirds, multiple endemic avian species, and up until recently, invasive populations of mice,
rats and reindeer. (Bonner 1958, Poncet et. al. 2011). South Georgia Island is an extremely
important avian breeding ground, as over 100 million seabirds currently live and breed there
(Croxall et. al. 1988. Clarke et. al. 2012) and it boasts the world’s largest King Penguin colony
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(Wang et. al. 2021). In addition, seabirds breeding in other regions visit the waters around South
Georgia Island and the Patagonian Shelf seasonally to feed, as this area supports an abundance of
phytoplankton and zooplankton (Croxall & Wood 2002, Atkinson et. al. 2001).
South Georgia Island also has a long history of human exploitation. Since the late 18th
century, the island has experienced commercial hunting of seals (1786-1908) (Foley & Lynch
2019), six commercial whaling stations (1904-1960) (Basberg 2002) hosting over 1,000 whalers
on the island and nearby ships at its peak, exploitation of penguins by hunters and whalers for
fuel (late 1800s-early 1900s), harmful marine debris causing entanglements (Croxall et. al. 1990,
Walker et. al. 1997), and the development of commercial tourism (1990s-present). Populations of
at least two key predators, King penguins (Aptenodytes patagonicus) and Antarctic fur seals
(Arctocephalus gazelle), were negatively impacted by historic harvesting (Trathan & Reid.
2009). Specifically, by 1822 an estimated 1,200,000 fur seal skins had been taken from South
Georgia Island, and Antarctic fur seals were nearly extirpated from the island before hunting
terminated (Weddell 1825). As Antarctic fur seal numbers waned, King Penguins were harvested
on South Georgia Island into the earthy 20th century for food, fuel, and oil (Trathan & Reid,
2009). However, a proposed “krill surplus” of Antarctic krill (Euphasia superb) in the early and
middle 1900s following the exploitation of baleen whales (Laws 1977) is thought to have
benefitted both Antarctic fur seal (direct krill consumers) and King Penguin (indirect
consumers), as prey availability is a strong driver of Antarctic fur seal abundance on South
Georgia Island (Foster 2005). In addition, between the 1950s-2010s air temperatures increased
by ~5.1°C on South Georgia Island and 97% of over 100 coastal glaciers rapidly retreated
(Gordon et. al. 2008, Cook et. al 2010). These warming trends have likely increased the
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availability of breeding areas and beaches for penguins and fur seals on South Georgia Island
since the 1950s (Foley et. al. 2018).
Both King Penguin and Antarctic fur seal populations on South Georgia Island are now
thought to be recovered from past exploitation (Foley & Lynch 2020, Foley et al. 2020). Recent
population estimates indicate over 400,000 breeding pairs of King Penguin as of the 2010s
(Sanders 2006, Foley et al. 2020) and between 4.5–6.2 million Antarctic fur seals as of 19992000 on South Georgia Island (SCAR 2008). However, records of post-exploitation population
dynamics of these species on South Georgia Island are sporadic and King Penguin populations
trends are challenging to interpret due to their asynchronous breeding behavior (Foley et al.
2020). In addition, there are little to no recorded direct measurements of pre-exploitation
abundances of King Penguins and Antarctic fur seals on South Georgia Island (though see Foley
& Lynch 2020).
However, it is likely that proxy records obtained from sedimentary archives can provide
an alternative approach to quantifying Antarctic fur seal and King Penguin population dynamics
over this time. For example, prior studies in other Antarctic and sub-Antarctic ecosystems have
quantified penguin and seal abundance over time by enumerating biological material such as
penguin eggshell and feathers (Nie et. al. 2012) and seal hairs (Hodgson et. al. 1998, Sun et. al.
2004) recovered from sedimentary archives. In addition, carbon and nitrogen elemental
concentrations and carbon (δ13C) and nitrogen (δ15N) stable isotope values of sedimentary
archives are informative as these are deposited into Antarctic and sub-Antarctic sediments at
higher concentrations by penguin guano and seal excrement (Sun et. al. 2000, Liu et. al. 2005,
Xie & Sun 2008, Huang et. al. 2014, Chen et. al. 2020). For example, Wang et. al. (2020)
observed higher stable isotope and bio-elemental values in South Georgia Island sediments
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closest to established penguin and seal colonies, relative to sediments in locations where glaciers
have only recently retreated.
The objective of this study was to validate the use of sediment cores collected from
drainages and small ponds adjacent to breeding Antarctic fur seal and King Penguin colonies as
novel paleoecological proxies of these species’ population dynamics relative to past
anthropogenic exploitation and recent climate change. I hypothesize that proxies of Antarctic fur
seal and King Penguin abundance obtained from sediment cores will vary among periods of
historic exploitation, post-exploitation recovery, and recent climate change. Specifically, during
post-exploitation recovery and glacial recession the occurrence of King Penguin feathers and
Antarctic fur seal hairs will increase, and geochemical proxies will be more reflective of King
Penguin guano and Antarctic fur seal scat inputs to soils over time. In addition, I hypothesize that
tissue and geochemical proxies will correlate with historical King Penguin count data, further
validating the use of sediment cores as indicators of past fluctuations in sub-Antarctic predator
populations.
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2.2 METHODS
Sediment Core Sites and Extraction
Two sediment cores were collected from small ponds and drainages located in proximity
to active Antarctic fur seal and King Penguin breeding sites on South Georgia Island in February
2019 using a 50 cm long, 7.62 cm internal diameter aluminum pipe (Fig. 2.1). The first core
(SPC1; 54.06037°S, 37.3297°W) was collected from a small kettle pond (~35 m2; ~5-15 cm
water depth) at Salisbury Plain located along the Bay of Islands (Fig. 2.2). The pond was located
along a glacial outwash plain of the Grace and Lucas glaciers in an area vegetated with Antarctic
hair-grass (Deschampsia antarctica) and Tussac grass (Poa flabellate). It was ~200m inland
from a cobble beach where Antarctic fur seals were breeding and ~50m west of a large King
Penguin breeding colony (44,684 breeding pairs; Foley et al. 2020). The pond was not
hydrologically connected to the many small active streams that transected the outwash plain and
Antarctic fur seal and King Penguin breeding areas. The SPC1 core was collected to a total depth
of 22 cm, after which point the sediments transition to underlying beach cobbles.
The second core (GHC2; 54.62007°S, 35.94552°W) was extracted from a small drainage
basin directly ~30m inland at Gold Harbor (2.1). The basin (~250 m2 diameter; ~5-20 cm water
depth) was located within a glacial valley at the head of the Bertrab Glacier and vegetated
primarily with Tussac grass. It was directly adjacent to a small sandy beach with breeding
Antarctic fur seals and a large King Penguin breeding colony (25,586 breeding pairs; Foley et al.
2020). The drainage basin was hydrologically connected to an upstream network of small
streams that transected the glacial valley and King Penguin sub-colonies and was bounded at the
downstream terminus by a small beach dune and King Penguin sub-colony along the Bay of
Islands (Fig. 2.3). The GHC2 core was collected to a total depth of 32 cm, after which depth the
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sediments were inaccessible due to a combination of water depth at the sampling site and our 50
cm long sampling core. Following collection, both the SPC1 and GHC2 core were sectioned at
1cm depth intervals, and sections were oven dried for 48 hours at 60°C.

Figure 2.1. Sites of sediment core extraction on South Georgia Island. “A” shows both sites,
Salisbury Plain and Gold Harbor. “B” shows a close-up of the extraction site of SPC1 (marked
by the red circle) in Salisbury Plain, where the recession of Grace Glacier and Lucas Glacier is
apparent. “C” is a close-up of the Gold Harbor extraction site of SPC2, in proximity to the
receding Bertrab Glacier. Close -up images courtesy of SG GIS (Field & Gerrish 2017).
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Figure 2.2. Salisbury Plain sediment core (SPC1) extraction in February 2019. This shallow pond
was not directly connected to active streams. Breeding King Penguin and Antarctic fur seal were
located near, but not directly adjacent to, this pond.
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Figure 2.3. Gold Harbor sediment core (GHC2) extraction in February 2019. The core was taken
at a location directly in front of the person in the image. Several streams drain into this shallow
drainage which was along the beach margin and directly adjacent to King Penguin and Antarctic
fur seal breeding colonies.

Radiometric dating of sediment
Prior to radiometric dating, each 1cm core section was filtered using an 850 µm sieve.
Sieved sediment was packed into a 47 mm petri dish until full. Large animal remains (e.g. squid
beak, eggshell fragment, feathers, etc.) and plant material (e.g. leaf and stem fragments) that
passed through the sieve were removed prior to radiometric dating. Petri dishes were sealed with
a hot glue gun and sat undisturbed for a 21+ day incubation period to keep radon ingrowth from
escaping during the decay process.
Radiometric dating methods are fully detailed in Maiti et. al. (2010). Briefly, sediment
core sections were dated using 210Pb. Samples were run in a planar detector optimized for low
energy direct gamma counting of isotopes between 30-700 KeV. Isotope measurements were

43

made by direct gamma counting using two high purity germanium well detectors. The detector
efficiencies were determined using EPA standards and spiked with a National Institute of
Standards and Technology (NIST) traceable mixed gamma liquid standard from Analytics™,
Inc. Decay was corrected to the midpoint of sample collection. 210Pb was measured by its
emission at 46.5 keV. A steady state model was assumed, and sedimentation rates were
determined by taking the natural log of 210Pbex dpm/g as related to depth in cm (Figure 2.3.1).
Geochemical Analysis
Following radiometric dating, sieved sediment fractions were reconstituted and passed
through nested 1000µm and 125µm sieves. Sediment fractions that passed through both sieves
(<125µm) were analyzed for elemental concentration and stable isotope values. Only the top 11
cm of SPC1 (11 samples) and the top 15cm (15 samples) of GHC2 were analyzed as these were
the maximum depths that could be reliability dated using 210Pb (see Results 2.3). Duplicate
samples of each 1cm section were weighed into tin capsules, flash-combusted with a Costech
ECS 4010 elemental analyzer, then analyzed by Elemental Analyzer-Isotope Ratio Mass
Spectrometry (EA-IRMS) for total carbon (TC), total nitrogen (TN), and carbon and nitrogen
stable isotope (δ13C and δ15N) values. Stable isotope values were normalized using a 2-point
scale with standard reference materials USGS-40 and USGS-41. TC and TN concentrations are
expressed as a percentage (%) of total sample mass and stable isotope values are expressed in the
δ notation (‰) following the formula:
δX = [(Rsample/Rstandard) – 1] × 1000
where X represents either δ13C or δ15N and R the ratio between 15N/13N or 13C/12C. Rstandard for
15

N was based on atmospheric N2 while 13C was based on Pee Dee Belemnite (PDB). Sample
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precision based on duplicate samples and repeated reference materials was ±0.5% for TC, ±0.1%
for TN, ±0.1‰ for δ13C, and ±0.2‰ for δ15N, respectively.
Biological Remains
Sediment fractions that passed through the 1000µm sieve but not the 125µm sieve were
sorted under a dissecting microscope to recover all visible biological material. Specifically, King
Penguin feathers and feather fragments as well as Antarctic fur seal hairs were removed from the
sediment and enumerated. Recovered materials were compared to reference feather and hair
collections. It was assumed that all recovered penguin material belonged to King Penguins and
all hair material belonged to Antarctic fur seals given these species’ numerical dominance at the
sample sites.
Statistical Analyses and Proxy Validation
Generalized additive models (GAMs) were fitted to sediment core proxy measurements
using the “mgcv” R package (v1.8-33; Wood 2011) and checked for significant trends over time
using one-way ANOVA. When fitting GAMs a normal distribution was used for δ13C and δ15N
values (continuous data), a binomial distribution was used for TC and TN (proportional data),
and a poisson distribution was used for biological remains (count data). Uncertainty in each
estimated GAM was quantified using 95% confidence intervals, and time periods of significant
change were identified as those time points where the simultaneous confidence interval on the
first derivative does not include zero (Simpson 2019).
While historic Antarctic fur seal population trends are not available at Salisbury Plain and
Gold Harbor, a recent study by Foley et al. (2020) provides a time series of phenologicallycorrected population counts of King Penguin at both sites. This includes 14 population-size
estimates from Gold Harbor between 1936 and 2015 CE, and nine population-size estimates
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from Salisbury Plain between 1914 and 2016 CE. Similar to sediment core proxies, GAMs were
fitted to each site’s King Penguin population time series via the “mgcv” R package (v1.8-33;
Wood 2011) using a negative binomial distribution. In addition, 95% confidence intervals and
periods of significant change in King Penguin abundance at each site were identified using the
methods of Simpson (2019). Finally, the resulting GAMs were used to predict annual estimates
for each geochemical and biological proxy and King Penguin population sizes over the 79 (19362015 CE) and 102 (1914-2016 CE) year time period encompassing the available King Penguin
population data at Gold Harbor and Salisbury Plain, respectively. Shapiro-Wilk’s tests confirmed
non-normal distributions, and Spearman rank correlation coefficients were performed to compare
geochemical and biological proxies to King Penguin count data.
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2.3 RESULTS
Sediment rates and dating
A sedimentation rate of 0.070592 cm/year was determined for the top 11 cm of SPC1
(Figure 2.4). As such the top 11 cm of SPC1 reflects approximately 155 years of deposition,
spanning 1870 (11cm depth) to 2019 (0 cm depth) CE. Each 1cm section of SPC1 reflected
approximately 14 years of deposition with sections assigned an average age based on their 0.5cm
depth midpoints (141-year range; 1870-2011 CE). It was not possible to reliably age sections of
SPC1 deeper than 11cm due to a combination of low detection levels of 210Pb and possible
sedimentary mixing.
The GHC2 core had a sedimentation rate of 0.087732 across the top 15cm depth (Figure
2.4). This core segment spans approximately 170 years of deposition, spanning 1848 (15 cm
depth) to 2019 (0 cm depth). Each 1cm section of SPC1 reflected approximately 11 years of
deposition with sections assigned an average age based on their 0.5cm depth midpoints (159-year
range; 1854-2013 CE). It was not possible to reliably age sections of GHC2 deeper than 15cm
due to low detection levels of 210Pb. These limits are in broad agreement with prior studies that
suggest an upper age limit of direct 210Pb dating of approximately 155 years (Jia et al. 2018,
Barsanti et al. 2020).

47

Figure 2.4. Sedimentation rates for each core obtained from 210Pb radiocarbon dating. The
sedimentation rate for SPC1 is 0.070592 cm/year, and for GHC2 the rate is 0.087732 cm/year.

Geochemical Proxies
For SPC1, all geochemical and biological proxy GAMs displayed significant trends over
time (p<0.05; Figure 2.5). Both TC and TN were lowest in 1884 (0.58% TC and 0.12% TN) and
highest in 1997 (4.42% TC and 1.1% TN), and a temporal change was observed by each
beginning in ~1900 and ending before 1980. δ13C values maintained a range of less than 1.5‰
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and displayed no visible temporal change. δ15N values exhibited a gradual increase from 18701927, followed by values consistently ~13.0‰ for the rest of the core. This corresponds with the
point of change observed from 1884-1927 via estimated first derivative and 95% confidence
interval of the GAM trend.
In GHC2, all proxy GAMs displayed significant trends (p<0.001; Figure 2.6) except for
δ15N. Three temporal change points were visible for both TC and TN: ~1860-1890, early 1890s~1950, and ~1960-late 1900s. GHC2 δ13C values exhibited an even smaller range than in SPC1
(-26.6 to -26.2‰), and again no visible temporal difference in the model was observed. δ15N
values remained fairly consistent, with the largest difference between consecutive sample years
between 1888 and 1900 (14.3 to 16.1‰). No point of change was evident in the δ15N values.
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Figure 2.5. GAM-based trends fitted to SPC1 proxies and King Penguin breeding pairs by
radiometric date. The shaded portion reflects the 95% across-the-function confidence intervals.
Gray boxes represent temporal points of change.
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Figure 2.6. GAM-based trends fitted to GHC2 proxies and King Penguin breeding pairs by
radiometric date. The shaded portion reflects the 95% across-the-function confidence intervals.
Gray boxes represent temporal points of change.
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Biological Remains
SPC1 exhibited no King Penguin eggshells and only two King Penguin feathers, one each
at 1.5cm (1998) and 2.5cm (1994). Antarctic fur seal hairs were observed in six of the 11 layers,
totaling 26 hairs with no temporal change points observed (Figure 2.5). SPC1 feathers were not
modeled or further analyzed due to low numbers.
More biological material was observed in GHC2 overall (Figure 2.6). In the 15cm
analyzed, I observed 155 King Penguin feathers and 267 Antarctic fur seal hairs, which is over
15 times more total biological remains than SPC1. GHC2 King Penguin feathers were
completely absent between 1854-1877. The feathers were most numerous in 1991 (29 feathers).
The highest number of GHC2 Antarctic fur seal hairs occurred in 1956 (37 hairs). Hairs were
present in each GHC2 layer. Over 30 King Penguin eggshell fragments and several squid beak
fragments were also found in this core. GHC2 feathers showed temporal change from 18801954, and hair showed the same in less than half the time at ~1926-1945 (Figure 2.6).
Population Dynamics
Models of historical King Penguin breeding pair counts in both sites displayed an
exponential increase in population ~1980 (Figures 2.5 and 2.6). Specifically, at Gold Harbor
King Penguin breeding pairs increased more than 56-fold from 272 pairs in 1972 to 15,336 pairs
in 1984, and at Salisbury Plain King Penguin breeding pairs increased over 25-fold from 1,915
pairs in 1969 to 48,173 pairs in 1985 (Foley et. al. 2020). Temporal change was observed in
SPC1 from the beginning of the record in 1914 until 1993, and was observed in GHC2 for the
entire record of 1936-2015.
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Sediment TC and TN in the SPC1 core were positively correlated with King Penguin
breeding pair abundance over time at Salisbury Plain (TC: rs=0.9, p <0.001; TN: rs=1.0, p
<0.001). While sediment δ13C values in the SPC1 core were negatively correlated with the King
Penguin abundance over time (rs=-0.8, p <0.001), sediment δ15N values were not correlated with
King Penguin abundance at Salisbury Plain (p=0.266). Due to their low occurrence, it was not
possible to test for correlations between King Penguin feather counts and King Penguin breeding
pair abundance at Salisbury Plain.
As with SPC1, sediment TC and TN in the GHC2 also positively correlated with King
Penguin breeding pair counts, with TN again showing a strong positive correlation (TC: rs=-0.2,
p=0.044; TN: rs =1.0, p<0.001). Sediment δ13C values again had a significant correlation with
King Penguin abundance over time, but this time the relationship was positive (rs=0.9, p<0.001).
GHC2 δ15N values showed a strong positive correlation with King Penguin abundance (rs =1.0,
p<0.001), while King Penguin feathers showed a weak positive correlation (rs =0.5 and p<0.001).
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2.4 DISCUSSION
Geochemical and biological proxies in both cores show an increase beginning from
~1950-1970 with sustained high numbers from that point through present day. These trends
demonstrate Antarctic fur seal recovery following the end of exploitation in the early 1900s,
followed by King Penguin population increases concurrent with increased temperatures and
marked glacial retreat that began ~1950 and became even more rapid in the 1970s and 1980s.
Comparison to historical King Penguin breeding pairs verifies sediment core proxies as reliable
indicators of population abundance on South Georgia Island, which suggests that these proxies
could be used to analyze older sediments from pre-exploitation time periods for which no
population count record exists.
Exploitation and Recovery
The observed trends of this study generally align with what would be expected based on
the available records of human activity on South Georgia Island. Antarctic fur seals were nearly
hunted to extinction through the beginning of this study’s time series until the early 1900s (Foley
& Lynch 2019). The lower layers of SPC1 and GHC2 did not appear to be guano-influenced,
which may be due to low seal and penguin abundance during exploitation in the late 1800s. Most
sediment proxies examined show an increasing trend by 1950, and in particular a significant
temporal change was found in GHC2 with increasing seal hairs from 1926-1945. These sediment
proxies closely mirrored the timing of King Penguin and Antarctic fur seal population recovery
in the middle part of the 20th century. Although the seal hunt ended in the early 1900s, that is the
same time that scores of humans began operating numerous whaling stations on South Georgia
Island. This meant that continuous human presence pervaded until whaling operations on the
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island were substantially reduced by ~1960 (Basberg 2002) and all whaling stations were closed
by 1966 (Headland & the Government of South Georgia, n.d.). The termination of unusually
elevated human activity on South Georgia Island in the 1960s may have benefitted seal and
penguin populations on a smaller scale, further contributing to increases visible after that time.
The majority of sediment proxies and the King Penguin breeding counts show significant
temporal change in this early 1900s time period at both sites associated with recovery from
exploitation.
Another contributing factor may have been availability of Antarctic krill (Euphausia
superba). It is hypothesized that krill abundance in the South Atlantic and Southern Ocean
increased in the early-to-mid 1900s because of reduced consumption by widely-hunted baleen
whales (Laws 1977). Krill abundance is known to correlate positively with Antarctic fur seal
abundance in South Georgia Island (Hunt et. al. 1992) and therefore may have additionally
supported population recovery in the mid-1900s. The hunting of baleen whales was globally
banned in 1986, and human exploitation and elevated presence on South Georgia Island was
effectively terminated by 1970 around the onset of mass glacial retreat.
Climate Change and Glacial Retreat
Between the 1950s-2010, 97% of studied glaciers on South Georgia Island experienced
rapid glacial retreat due to warming temperatures, with the largest retreats observed on the NE
coast of South Georgia Island (Cook et. al. 2010) where SPC1 was extracted. Although neither
sample site is recorded to have been completely covered by a glacier in recent years (Field &
Gerrish, SG GIS, 2017), both sites do have nearby glaciers that have experienced retreat in the
past century. Salisbury Plain specifically is in between Lucas Glacier and Grace Glacier (Figure
2.1), both glaciers which have experienced marked glacial retreat beginning ~1975 that continues
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today (Gordon et. al. 2008). Gold Harbor is in proximity to Bertrab Glacier (Figure 2.1), which
began experiencing marked glacial retreat ~1985 which continues today as well (Gordon et. al.
2008).
Glacial retreat is thought to positively influence South Georgia Island penguin and seal
populations by allowing more space for breeding grounds (Foley et. al. 2018). The proxies in this
study show an overall general increase ~1950 in GHC2 and ~1960 in SPC1 with sustained higher
levels through present day (Figures 2.5 and 2.6). This aligns well with the beginning of glacial
retreat on South Georgia Island as a whole. In addition, marked glacial retreat in each site in the
1970s and 1980s has likely benefited seal and penguin populations since that time. The
correlation between glacial retreat is especially evident in the King Penguin breeding pair counts.
In Gold Harbor, counts jumped from 272 pairs in 1972 to 25,086 pairs in 2002, which may be a
result of the rapid retreat of Bertrab Glacier from ~1985 onward (Foley et. al. 2018). Similarly in
Salisbury Plain, consecutive counts jumped from 1,915 pairs in 1969 to 48,173 pairs in 1985 in
concert with the rapid retreat of Lucas Glacier and Grace Glacier ~1975 (Foley et. al. 2018).
δ15N values, TC and TN have all been found at higher values and proportions, and δ 13C
in lower values, in soils farther from glacial retreat as compared to soils near the glacial front on
South Georgia Island due to the increased King Penguin abundance and therefore increased
guano input (Wang et. al. 2020). My study finds geochemical values similar to those of South
Georgia Island soil samples from established King Penguin colonies far from glacial faces. The
concert of glacial retreat with increased abundance and proxies observed in this study supports
the notion that King Penguin abundance is positively affected by glacial retreat because it makes
available more ice-free, unvegetated breeding ground. In addition to the termination of hunting
and glacial retreat, other factors such as climate forcing and favorable food web changes have
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likely also impacted the South Georgia Island system and caused an increase in these species
(Foley et. al. 2018). However, it is important to realize that while glacial retreat may positively
benefit sub-Antarctic King Penguin populations, continued climate change is expected to cause
threats to penguin species due to the negative effects of warming sea surface temperatures on
breeding success and adult survival (Bohec et. al. 2008).
Site Differences
SPC1 was radiometric dated to 11cm, but dates after that depth could not be reliably
interpreted due to low 210Pb detection and what appears to be mixing in the sediment column
beginning ~1870. Mixing could be due to a breadth of natural phenomena including glacial
retreat and melt, glacial scour, and erosion. The GHC2 core dates were not able to be reliably
interpreted after 15cm because the sediment below that point is likely too old for dating with this
method; although the 210Pb method is the most widely-used to determine sedimentation rates in
aquatic environments (Barsanti et. al. 2020), it can only date back ~150 years before present. It is
also possible that the rate of sedimentation at the GHC2 core site has varied over the years due to
fluctuating input from the streams. More rapid glacial retreat would lead to an increased rate of
sediment deposition, particularly coarser sediments, in front of the glacier face (Earle 2015).
Glacial retreat can increase flow rates of local streams, which could lead to higher flow rates and
therefore increased sediment deposition.
The sedimentation rates for each site were similar despite large habitat variations
between sites. The SPC1 core site (Figure 2.2) was a small, hydrologically isolated pond that is
not directly adjacent to King Penguin or Antarctic fur seal breeding grounds. In contrast, the
GHC2 core site (Figure 2.3) is a drainage basin that receives active input of organic materials
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from several streams, one of which passes directly through an adjacent King Penguin breeding
ground. This likely explains the greater abundance of biological remnants found in GH2.
TN, TC and δ15N values on average were higher overall in GHC2 than SPC1. It is
possible this could be due to a difference in trophic level of predominant species in these areas.
Higher δ15N values in animal tissues such as excreta are indicative of higher trophic level feeding
(Hobson et. al. 1994). Because Antarctic fur seals feed predominantly on krill (Bonner 1968,
Doidge & Croxall 1985) and King Penguins feed predominantly on fish (Olsson 2008), King
Penguins are considered higher trophic-level predators. It could be that the higher δ15N values
observed at Gold Habor as compared to Salisbury Plain are reflecting a higher proportion of
King Penguins as opposed to Antarctic fur seals and other lower trophic-level predators at that
site, as King Penguin guano input would affect the geochemical composition of local sediments
(Sun et. al. 2000). However, the higher geochemical values in GHC2 compared to SPC1 could
also be a result of there being more vegetation input, as well as the obvious higher overall
abundance of both penguin and seal populations near the GHC2 extraction site.
The success of this study in validating sediment core proxies with population data for
recent years allows for confidence that the same success could be found with older sediments
from South Georgia Island. Sediments from the 18th century and earlier could provide proxies of
seal and penguin population dynamics from pre-exploitation despite the lack of population
records from this time period. Analysis of these deeper layers would require a different dating
method such as 14C. However, it is worth mentioning that marine input into Antarctic freshwater
systems could cause inaccuracies in the radiocarbon dating method of underlying sediments
(Bjoerck 1991, Ingólfsson et. al. 1998, Hodgson et. al. 2001, Liu et. al. 2005), so additional
corrections would be necessary.
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Sediment Proxies of Population Events
TN is the only proxy which had a strong positive correlation with King Penguin count
data in both sites. TC trends very closely mirror TN trends in both sites (Figures 2.5 and 2.6), so
the varied results of TC correlation may simply be a product of low sample size. Correlation
between stable isotope values and King Penguin abundance varied: SPC1 δ13C values had a
negative correlation to King Penguin breeding pair counts whereas GHC2 δ13C values correlated
positively, but this is likely due to the very small δ13C value range in GHC2 of less than 1 ‰.
δ15N values were significantly correlated with King Penguin counts only at Gold Harbor. The
ranges of δ13C and δ15N values were smaller than the ranges observed in TC and TN, which may
account for this discrepancy. Feathers were not numerous enough in SPC1 to analyze, but GHC2
analyses suggested that feathers may also be a suitable indicator of King Penguin population
fluctuations. Due to the amount of eggshell fragments I observed in GHC2 it is likely that these
tissues would also serve as a reliable proxy of population abundance, but one would need to
determine whether multiple fragments were from multiple breakage points of the same eggshell
or were all individual fragments of different eggshells.
Although King Penguin and Antarctic fur seal populations fortunately seem to increase in
concert with each other, competition for krill may cause Antarctic fur seal population increases
to negatively impact other South Georgia Island predator populations, such as the macaroni
penguin (Eudyptes chrysolophus) (Barlow et. al. 2002). Despite the significant Antarctic fur seal
hair trends observed in both sediment cores, I am not able to compare this proxy to historical
Antarctic fur seal count numbers from ~1850-present as no such solid record exists. However,
seal hairs are known to be an indicator of changes in Antarctic mammal populations (Hodgson
and Johnson 1997), and seal hairs have been positively correlated with concentrations of TC and
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TN in Antarctic sediments (Hodgson & Johnston 1997, Sun et. al. 2004). This dearth of
quantitative, historical South Georgia Island Antarctic fur seal population data makes it crucial
for studies such as this to determine proxies of historic Antarctic fur seal population dymamics.
This information is vital to further understanding the factors driving Antarctic fur seal
populations on South Georgia Island beyond recorded exploitation in order to mitigate
anthropogenic and climate-related impacts moving forward.
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CONCLUSION
This thesis expands the use of penguins and seals as bio-indicators of ecosystem health
and environmental change. First, by exploring the use of eggshell as a non-invasive indicator of
the current state of heavy metal exposure in a common Antarctic penguin species, the Adélie
penguin (Chapter 1). Second, by validating the use of sediment cores as indicators of past
fluctuations in sub-Antarctic predator populations relative to historic exploitation and recent
climate change (Chapter 2).
In Chapter 1, I found that the main factors affecting heavy metal exposure in Adélie
penguins from the Antarctic peninsula are geographic (both small- and large- scale) and trophic
differences. Geographical trends are variable across metals, but toxic heavy metals were more
prevalent in the WAP and in the EAP as compared to the SSI and the SOI. Higher trophic level
feeding corresponds to higher heavy metal concentrations in eggshells. I found little evidence of
anthropogenic impact as related to tourist presence and research base proximity, with the
exception of Zn and Fe. However, as sample sizes in this study were limited and measuring the
impact of human activities can be subjective, further studies are necessary to determine if and
how human activities influence heavy metal concentrations in penguin eggshells as previous
studies using feathers and excreta have found. Indirect impacts of anthropogenic activity may
affect prey items in the Southern Ocean, which could contribute to the trophic level differences
of heavy metals observed in this study of penguins.
Regardless, these results suggest that eggshells represent a viable proxy of exposure for
most heavy metals analyzed in this study and are an ideal alternative to more invasive sampling.
Even so, eggshells may be better suited to indicate essential trace heavy metal concentration
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rather than toxic heavy metals such as Cd. Although these results suggest that the Antarctic
peninsula is not completely devoid of heavy metal contamination, the lack of alarmingly high
concentrations observed suggest low potential for toxic effects of heavy metals to Adélie
penguins at this time.
In Chapter 2, I found that sediment cores provide reliable proxy indicators of penguin and
seal population dynamics on South Georgia Island. Specifically, sediment core proxies were
correlated with King penguin and Antarctic fur seal population increases in the 1900s following
the end of targeted and opportunistic exploitation of these species. Sediment nitrogen (TN) and
carbon (TC) were the most effective geochemical proxies of King Penguin and Antarctic fur seal
population change on South Georgia Island, while sediment stable isotope values (δ15N and δ13C)
also track population dynamics at some sites. Biological remains recovered from sediment
cores, such as King penguin feathers and Antarctic fur seal hairs are additional promising
measures of these predators’ abundance.
Sediment core records also support the hypothesis that climate change-related glacial
retreat on South Georgia Island had a positive effect on King Penguin population abundance, due
to increased open, unvegetated space for breeding colonies. However, further analyses are
needed to elucidate climate change-related effects of King Penguin and Antarctic fur seal
populations on South Georgia Island beyond glacial retreat, as climate-related effects are
complex. Warming temperatures have been projected to have a negative impact on sub-Antarctic
island populations overall, and the interaction of this influence with the influence of glacial
retreat is not known. Future studies could use 14C dating of deeper sediments to investigate
population fluctuations predating the arrival of humans in the late 1700s. This may prove
especially beneficial for Antarctic fur seal populations on South Georgia Island, as no historical
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population record exists. By understanding the population dynamics of sub-Antarctic marine
predators throughout ancient time periods, we may be able to better predict and mitigate any
future effects of climate change, thus helping to preserve these species.
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